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The Standard Model fulfills the three Sakharov conditions for baryogenesis. The smallness of 
quark masses suppresses, however, the CP violation from the Kobayashi-Maskawa phase to a level 
that is many orders of magnitude below what is required to explain the observed baryon asymmetry. 
We point out that if, as a result of time variation in the Yukawa couplings, quark masses were large 
at the time of the electroweak phase transition, then the Kobayashi-Maskawa mechanism could 
be the source of the asymmetry. The Froggatt-Nielsen mechanism provides a plausible framework 
where the Yukawa couplings could all be of order one at that time, and settle to their present values 
before nucleosynthesis. The problems related to a strong first order electroweak phase transition 
may also be alleviated in this framework. Our scenario reveals a loophole in the commonly held 
view that the Kobayashi-Maskawa mechanism cannot be the dominant source of CP violation to 
play a role in baryogenesis. 



Introduction. The Standard Model (SM) fulfills all 
three of Sakharov conditions Q for generating a baryon 
asymmetry in the Universe. The model fails, however, 
to explain the observed value of the asymmetry, hb/s ~ 
10 -10 , for two reasons: 

1. CP violation from the Kobayashi-Maskawa (KM) 
mechanism [2j is highly suppressed. Explicitly, the 
relevant suppression factor [3j is given by 

£ CP =^n ( m ? - m ?) n - j cp ~ io ~ 19 ' 

u,c,t d,s,b 

(1) 

where T c ~ 100 GeV is the critical temperature 
at which the electroweak phase transition (EWPT) 
takes place, and Jcp is a combination of CKM pa- 
rameters, Jcp ~ S12S23S13 sin 5 K m- 

2. The EWPT is not strongly first order. The experi- 
mental lower bound on the Higgs mass, m# > 114 
GeV, implies that the EWPT is second order. Con- 
sequently, sphaleron-induced (B + L)-violating in- 
teractions are not sufficiently suppressed in the bro- 
ken phase and wash out the baryon asymmetry. 

Both failures are related to the numerical values of the 
Standard Model parameters. Had quark masses been 
heavier, the suppression factor of eq. Q would be milder. 
Had the Higgs mass been lighter, the EWPT could be 
first order. Therefore, if quark and Higgs masses have 
been subject to time variations, it is possible that the 
Standard Model baryogenesis is the only source of the 
observed baryon asymmetry. In this paper, we explore 
this idea, with focus on four main issues: 

1. We are assuming that the Yukawa couplings have 
been time- varying. Is it plausible that the variation 
was such that they all had been of order one in early 
times? 



2. Cosmology implies that the Yukawa couplings had 
values close to their present ones at the time of nu- 
cleosynthesis (NS). Is it plausible that the required 
time variation took place between EWPT and NS? 

3. Can we estimate the baryon asymmetry that is pro- 
duced at the EWPT by the KM mechanism with 
all quark masses of 0(mw)? 

4. What are the implications of time varying couplings 
on the strength of the EWPT? 

The Froggatt-Nielsen Mechanism. The small- 
ness and the hierarchy in the Yukawa couplings are unex- 
plained within the SM. One of the more attractive frame- 
works where these features find a natural explanation is 
the Froggatt-Nielsen (FN) mechanism jij. In this frame- 
work, one invokes a horizontal Abclian symmetry. Fields 
of different generations carry different charges under the 
symmetry. The symmetry is spontaneously broken by a 
VEV of a SM-singlet scalar field S. The breaking is com- 
municated to the SM fields through intermediate quarks 
and leptons in vector-representations of the SM gauge 
group, which have large masses at a scale M. The ratio 
A = (S)/M is assumed to be small, A <C 1. Normal- 
izing the horizontal charges by defining the charge of S 
to be —1, effective Yukawa couplings suppressed by A'™ 
are induced for terms that carry charge n under the FN 
symmetry. 

In the simplest FN models, the horizontal group is Zn 
or U(l), and it is broken by a single scalar field. The 
value of A is often taken to be of order 0.2 (the value of 
the Cabibbo angle) . A typical set of FN charges for the 
quark doublet (Qi) and antiquark singlet (Ui and Di) 
fields is the following: 

Q 3 (0), Q 2 (+2), Qi(+3), 
U 3 (0), U 2 {+1), C7i(+4), 
D 3 (+2), D 2 (+2), £q(+3), (2) 
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leading to the following parametric suppression of the 
flavor parameters (with the FN charge of the Higgs field 
set to zero): 



A 7 



y~t ~ i) Yc ~ a 3 , y u 

2 •« - A 4 , V,/ - A !l . 

2 —-■A 3 . 



n - A 2 , y s 

S i2 ~ A, S23 
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With the KM phase being of order one, the suppression 
factor of eq. is ecp ~ A 28 . 

It is not unlikely that the VEVs of scalar fields have 
been time varying. Such a variation could happen for 
various reasons. One possibility is that at high enough 
temperatures, H ~ T 2 /mpi S> m, where m is the mass 
of the scalar, the scalar may be frozen away from the 
minimum. Another possibility is that the minimum of 
the scalar potential has shifted as a result of finite tem- 
perature effects. Let us consider the case where, for one 
reason or another, the value of (S) has been time vary- 
ing, with (S) ~ M prior to the EWPT, compared to its 
present value of order 0.2M. Note that we are consid- 
ering a rather mild shift, by a factor of order five. Such 
a modest variation would, however, change the Yukawa 
couplings in a drastic way. There will be no small pa- 
rameter to suppress them, and they are all of order one. 
In particular, at the EWPT 



e CP (T~T c ) = 0(l). 



(4) 



We learn that in the FN framework, a time variation 
such that at early times there is neither smallness nor 
strong hierarchy in the Yukawa couplings is not a con- 
trived scenario. Since the smallness of ecp is a result 
of its dependence on a very high power of a mildly small 
parameter, once that single parameter is order one, there 
is no suppression of ecp. 

Shifting (S) between EWPT and NS. Our sce- 
nario requires that the scalar field S is frozen away from 
its present minimum until the EWPT, but to assume 
its present value before nucleosynthesis. The simplest 
mechanism that ensures that the scalar is frozen until 
the EWPT but starts to oscillate and redshift shortly 
afterwards is by giving it a mass that is close to the 
Hubble constant at the time of the EWPT, i?EWPT = 
0(1O -15 GeV). Such a light scalar poses, however, prob- 
lems to cosmology which are known as 'the moduli prob- 
lem": 

• Light stable scalars should have masses lighter than 
the Hubble constant at the time of matter-radiation 
equality, H cq = 0(1O~ 37 GeV), in order not to 
dominate the energy density of the Universe from 
rather early times. 

• Light unstable scalars should have decay rates 
faster than Hubble constant at the time of nucle- 
osynthesis, H ns = 0(1O~ 25 GeV). 



Since ms ~ 10 -15 GeV, it is too heavy to fulfill the first 
condition. Moreover, to avoid being too long lived to ful- 
fill the second condition, S must decay to final photons or 
neutrinos with an effective coupling larger than 0(1O -5 ). 
An explicit calculation, assuming that nonrenormalizable 
couplings are suppressed by powers of mpi, shows that 
the actual couplings are much smaller than that. 

Various ways to solve the moduli problem have been 
suggested in the literature (see e.g. y|). Here, we present 
a model where the problem is circumvented. Other pos- 
sible solutions will be explored in 

The usual scenarios assume that the scalar potential 
does not change during the cosmological evolution. We 
present here a simple model where the potential does 
change at the EWPT. Thus, it is not the fast expansion 
which freezes S but rather the potential itself. This sit- 
uation allows for a larger ms which, in turn, gives a fast 
enough decay rate. 

Consider the following potential for the scalar S and 
the SM Higgs field cj>: 



V(S,, 



1 



+ Xd 



(5) 



Before EWPT, we have V(S) = m^f. After EWPT, we 
have V(S) = m^f - ^) 2 (1 + g) + A (0) 4 (1 + h). We 
learn that the required shift of (S) from M to AM can 
occur naturally during the EWPT. 

For M ~ mpi, we still run into the cosmological moduli 
problem. Assuming that the nonrenormalizable S cou- 
plings to SM fields are suppressed by powers of M and 
that its mass is of order mfy/M (as is the case for the 
potential J5J)), we find that the leading decay mode is 
S —>■ 77 giving T ~ m s /M . Requiring that S decays 
before nucleosynthesis, we obtain M < 10 7 GeV. This 
upper bound on M implies that ms > MeV. 

The mass ms > MeV and the decay width Ts > 
1CP 25 GeV lie outside of the regions excluded by var- 
ious astrophysical and cosmological considerations and 
by direct laboratory searches |3- A lower bound on 
M arises from the contribution of ^-mediated tree di- 
agrams to flavor changing neutral current processes. Es- 
timating Am K /m K ~ [{m d m s )/(X 2 M 2 )](f^/m 2 K ) (and 
analogous relations for D- and _B-mixing), we obtain 
M > 5 x 10 5 GeV, consistent with the nucleosynthesis 
constraint. 

In spite of the fact that M <C mpi, S would start 
rolling only at the EWPT because earlier it is stabilized 
by the potential rather than by the expansion. 

One may ask whether it is possible to have a full high 
energy theory that induces © in a natural way. We have 
been able to construct a supersymmetric model with a 
horizontal Zn symmetry (in the spirit of models for the 
scalar potential in ref. where this is the case. A very 
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large N is, however, required in order to make the model 
consistent with all our requirements. We are presently 
exploring other models 0. 

Suppression from CP Violation. The possibil- 
ity that the Standard Model accounts for baryogenesis 
is intriguing 0, but in the end the suppression from 
the Kobayashi-Maskawa CP violation [ecp of eq. 0J] 
is too strong for it to make a significant contribution 
fiol Hlj. (For SM values of the flavor parameters, this 
statement holds model independently and, in particular, 
independent of the dynamics of the phase transition |ldj.1 
The situation is of course different in our scenario, where 
ecp = 0{\). We now explain which of the usual sup- 
pression factors related to CP violation are lifted in our 
scenario and which are not. We also explain why the 
analysis of the SM baryogenesis cannot be simply 
applied to our case. (An analysis of SM baryogenesis 
with quark masses of 0(T C ) is beyond the scope of this 
paper JjJ.) 

During the EWPT, a bubble of the true vacuum (((/>} — 
v 0) expands, sweeping out space until it becomes 
our observed universe. While the bubble expands, equal 
number of quarks and antiquarks hit the bubble wall, 
some reflected and some transmitted through the wall. 
CP violating interactions induce an asymmetric distri- 
bution of quarks and antiquarks. In a simplified picture 
where baryon-number violating interactions are infinitely 
fast in the unbroken phase, but do not exist in the bro- 
ken phase, an excess of baryon number outside the bubble 
is immediately washed out while an opposite amount of 
baryon number is preserved inside. One can then calcu- 
late ub/s. Taking the thin wall approximation, ref. 0] 
obtains (to leading order in the wall velocity vw) 



n B 
s 
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T 2 



— n {u)(l - n a (uj))A(uj)(p L 

Z7T 



Pr) ■ v w - 
(6) 

Here no(w) = l/(e"/ T -I- 1) is the Fermi-Dirac distribu- 
tion, and pl,r are the left-handed/right-handed quark 
momenta. The reflection asymmetry A(cu) is given by 
Tt{r\ r R lr - R\ R R LR ) where Rlr(Rlr) is the reflec- 
tion coefficient for — > q R (q R — > qL). 

In the standard scenario, the main suppression fac- 
tor of ub/s comes from A(u>) ~ ecp. This is ex- 
pected on general grounds, since the KM mechanism of 
CP violation is operative if and only if ecp ^ 0. For 
Yukawa couplings of order one, however, this suppres- 
sion factor is entirely lifted. Another, milder suppres- 
sion comes from (p^ — Pr) ■ i>w/T ~ aw This is, 
again, expected since usually the dominant interaction 
that distinguishes left-handed from right-handed parti- 
cles is the weak interaction. Yukawa interactions with 
the Higgs also distinguish between left- and right-handed 
quarks. In our scenario, with Yukawa couplings of or- 
der one, the Yukawa interaction gives the dominant con- 
tribution and lifts this suppression factor too. Thus, 



in our scenario, there is no parametric suppression of 
ub/s, but there are still numerical suppression factors, 
i / ^no(w)0-noH)/ 9 (w) ~ 1(T 3 (where / 9 (w) is de- 
fined in ref. [l0|). Combined with the explicit factor of 
10~ 3 in eq. ©, related to g* (the number of relativistic 
degrees of freedom), it leads to a suppression of ub/s by 
0(l(r 6 ). 

At this stage, we cannot make a more precise statement 
about the size of tib/s in our scenario. The reason is not 
only that the precise values of the (order one) Yukawa 
couplings before EWPT are not known, but also because 
the calculation is different from the light quark case in 
several important ways. 

1. In order to calculate eq. ©, a picture of quasipar- 
ticles was introduced, where the massless quarks 
acquire a complex effective mass due to interac- 
tions with the hot plasma. In the standard pic- 
ture, there are several mass scales: the light quark 
masses (md,m s ), the typical momentum difference 
between left- and right-handed quarks (~ 6 GeV) 
and the critical temperature (~ 100 GeV). The 
clear hierarchy between these scales in the standard 
scenario no longer exists, and various approxima- 
tions based on the hierarchy are not valid. 

2. To calculate A(w), an effective Dirac equation is 
employed for the quasiparticles. It takes into ac- 
count the damping rate for the quasiparticles at 
zero momentum, 7 ~ Q.lhg 2 s T ~ 20 GeV. For par- 
ticle momenta that are not much smaller than the 
temperature, there may be large corrections to this 
result. Furthermore, the effective Dirac equation 
has been solved by treating the quasiparticle masses 
as perturbations [l^. The perturbative expansion 
is valid only for m q /6^ <C 1. Within the standard 
scenario, this is a good approximation to all but 
the top quark. In our case, this is a questionable 
approximation for all quarks. 

Therefore, our analysis above should be used only to 
identify the small parameters which still play a role in 
suppressing the baryon asymmetry (and those which do 
not). It should not be taken for a reliable estimate of 
other, apriori order one, factors. 

The Electroweak Phase Transition. In order 
for EW baryogenesis to successfully produce the baryon 
asymmetry, it is necessary that the EWPT is first or- 
der. The condition of first order phase transition is com- 
monly quantified by demanding that baryon number that 
was produced during the phase transition will not be di- 
luted by baryon violating interactions inside the bubble. 
By calculating the rate of interactions, one obtains the 
sphaleron bound on ((f)) , the VEV of the SM higgs (for a 
pedagogical review, see [l2^V. 



(4>{T C ))/T C > 1.3. 



(7) 
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The VEV is related to the Higgs mass and so the above 
constraint is translated to a constraint on the mass of 
Higgs which, at one loop, reads: 



m h 



< 42 GeV. 



(8) 



Such a low value (and the somewhat weaker bound when 
higher loops are taken into account) is experimentally 
ruled out. Thus, not only CP violation has to have new 
sources, but also the EWPT has to be different from the 
SM one, i.e. the scalar sector must be extended. 

In our scenario, the Higgs mass is, in general, different 
from its present value. As can be seen from eq. JSJ, 

the corrections are of order (tqt) = The 
change is then significant and could easily take the Higgs 
mass to be low enough at the time of EWPT to make it 
first order. 

Conclusions. The Standard Model fulfills all three 
Sakharov's conditions that are necessary for baryogene- 
sis. The failure of the Kobayashi-Maskawa mechanism to 
account for the observed baryon asymmetry is related to 
the numerical values of the Standard Model parameters. 
The smallness of the quark flavor parameters (masses 
and mixing angles) suppresses CP violation too strongly, 
while the mass of the Higgs boson is too heavy for a first 
order electroweak phase transition to occur. 

The possibility that there have been time variations 
in the Yukawa couplings opens up a window for the 
Kobayashi-Maskawa phase to be the only source of CP 
violation and to drive baryogenesis. Within the Froggatt- 
Nielsen framework, where the structure of the flavor pa- 
rameters is a result of an approximate horizontal symme- 
try, it is plausible that the time variation has been such 
that all flavor parameters were order one at early times. 

The dynamics of electroweak baryogenesis when none 
of the quarks is much lighter than the electroweak break- 
ing scale may be quite different from the case of light 
quarks and needs to be carefully investigated. There are 
no obvious parametric suppression factors and the pro- 
duced baryon number may even be as large as 0(1O -6 ). 
We conclude that the observed baryon asymmetry can 
be explained by the KM mechanism, provided that there 
are no strong dilution factors coming from the dynamics. 

The possibility that there has been time variation in 
the Higgs potential parameters opens up a window for 
the EWPT to be first order with only the single Higgs 
doublet playing a direct role. 

It is worth emphasizing that our scenario can also be 
implemented in the supersymmetric framework. The 
Froggatt-Nielsen selection rules are somewhat different 
[l3j . but the analysis presented here is unchanged. The 
EWPT could be first order even without time variations 
in the couplings. While in generic supersymmetric mod- 
els there are additional sources of CP violation that affect 
baryogenesis, our mechanism is particularly interesting 



for models of minimal flavor violation, where the CKM 
matrix is the only source of flavor and CP violation. 

Our scenario introduces a loophole in the commonly 
held view that the Kobayashi-Maskawa mechanism can- 
not be the only source of CP violation to play a role in 
baryogenesis. 
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